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INTRODUCTION 


Powdery mildews (Erysiphaceae) are a clearly defined family of 
obligately parasitic ascomycetous fungi which grow principally on 
the foliage of angiosperms and cause damage on a wide variety of 
crops. Some of their marked characters are their superficial 
hyaline mycelium, their haustoria in the epidermal cells of their 
hosts, their luxuriant development in dry weather, the high water- 
content of their large turgid airborne conidia, their diurnal perio- 
dicity with respect to several characters, the reversible photo- 
tropism of some species, the compatible association with their hosts, 
and their vulnerability to control by fungicides. The term “ mil- 
dew ”, used alone, is an unfortunate one, since a great variety of 
fungi is sometimes called “ mildews”. Since 1886 (255) the term 
“powdery mildews” has been commonly limited to the Erysi- 
phaceae and the term “downy mildews” to the Peronosporaceae. 
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Powdery mildews were recognized and named at least as early 
as 1753 by Linnaeus (263). The history of our knowledge of 
the group between 1753 and 1900 is reviewed by Salmon (263), 
whose monograph is the starting point for most aspects of this 
review. On the basis of the Review of Applied Mycology (166) 
it is estimated that about 3000 publications on powdery mildews 
have appeared since 1900. Monographic treatments by Klika in 
1924 (175), Jorstad in 1925 (173), Skoric in 1927 (291), Sawada 
in 1927 (276), Jaczewski in 1928 (169), Brundza in 1933 (71), 
Blumer in 1933 (53), and Homma in 1937 (157) are among the 
most comprehensive. The most useful of these is that by Blumer. 
The present review will therefore give greatest emphasis to the 
literature since 1933. It will be restricted to what is believed to 
be basic knowledge; such matters as local occurrence, severity, 
susceptibility of host varieties, and routine trials of known control 
methods will be largely omitted. More emphasis will be given 
to the powdery mildews as pathogens than as morphologic entities. 
Where the literature concerning a particular aspect is extensive, 
only representative examples will be cited. 


MORPHOLOGY 


The white superficial mycelium and conidia and dark superficial 
perithecia of powdery mildews make them among the most easily 
recognized and best known of fungi. Good illustrations of various 
aspects of morphology (Plates 1-4) are given in the monographs 
cited. Powdery mildews are best known to crop producers in their 
conidial stages, though they are usually classified by characters of 
the perithecia. Typically the hyphae radiate singly with branching 
from an infection point and grow closely appressed to the host, 
frequently tending to follow the depressions at the contact of two 
epidermal cells. Hyphal cells are usually thin walled, about 
5 x 80 », uninucleate and vacuolate. The nuclei are large and with 
well defined and frequently protruding nucleoli which Allen (4) 
suggests may play a part in the locomotion of the nucleus. Ex- 
ceptions to the superficial existence are in Phyllactinia, wherein 
short branches from the superficial hyphae enter the leaf through 
the stomata, and Leveillula, in which a more extensive intercellular 
mycelium develops (53). The hyphae may be sparse or dense. 
In cases where the mycelium may form a felty layer, as in Sphaero- 
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theca pannosa, the hyphal cells are thick walled and bear few 
conidiophores or other appendages. Along the normal hyphae 
are usually lateral swellings, called “ appressoria” (157), which 
apparently function to attach the mycelium to the host surface, and 
to initiate haustoria. Typically the appressoria are lobed, but 
there may be no lateral swelling of the hyphae and no lobes of the 
appressoria. Commonly there is one appressorium on each alter- 
nate hyphal cell. Haustoria arise from the center of attachment 
of the appressorium and extend to the interior of the host cell by 
a very narrow penetration tube. 

Haustorial types are illustrated by Sawada (275) and Smith 
(293). The most common is the uninucleate globular type in the 
epidermal cells, e.g., Uncinula necator and Erysiphe polygoni. 
Digitate processes are characteristic of the haustoria of E. graminis. 
Uncinula salicis is unique in that several haustoria may arise from 
one appressorium, and haustoria may extend to the subepidermal 
layer. Klika (175) indicates that Erysiphe and Sphaerotheca may 
also form haustoria in the subepidermal layer, but this has not 
been confirmed. Haustoria of Phyllactinia and Leveillula are 
globular, but are unique in that they arise from hyphae in the 
intercellular spaces instead of from superficial hyphae. The haus- 
toria are typically surrounded, at their proximate regions at least, 
by a layer of host-wall material which grows around the haustorium 
as it forms (86, 293). 

Conidiophores are specialized hyphae which produce conidia and 
are the asexual or imperfect fruiting stages of powdery mildews. 
Their structure has been described in detail by Blumer (53), Foex 
(122), Homma (157) and Sawada (275). Conidiophores are 
typically unbranched, about 10 » in diameter, up to 400 » long, and 
occur regularly or irregularly along the hyphae at right angles to 
the host surface. Typically there is a stipe of one or more cells 
attached to the vegetative hyphae, a generative cell (or spore mother 
cell) and one or more maturing conidia. To recognize which is 
the generative cell, the conidiophore must be stained to show the 
nuclei (157) or the conidiophores must be observed frequently to 
see which cell divides (343). The stipe cell and the generative 
cell may be the same as in Erysiphe graminis (122). Above the 
generative cell the maturing conidia may usually be recognized 
by their swellings between the septa, whereas the stipe cell and 
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the generative cell are usually not swollen. In some cases the 
transition from generative cell to maturing conidia may be so 
gradual as to be imperceptible. While the conidiophores and 
hyphae are clearly septate, the continuity of protoplasm through 
the pores in the septa is clearly seen by appropriate staining 
methods (4, 65). Blodgett (46) gives the number of conidio- 
phores per square millimeter on hop leaves as 440. 

The structure of powdery mildew conidiophores is sometimes 
confused by the amazing variation in the same species on the 
same host as observed by different investigators. The illustra- 
tions of conidiophores of Uncinula necator from grape by Tucker 
(311), Berkeley (38), Viala (317) and Cooke (85) in Europe, 
and by Galloway (126), Longyear (190) and Duggar (105) in 
the United States are clearly different from each other and from 
those made from California grapes by the writer, yet all are 
generally regarded as of the same species (53, 115, 263). Further 
examples with the same species, as well as with others, could be 
given. Whether these differences represent truly different fungi 
or whether they are differences due to environment, host variety, 
careless selection of type specimens, or differences in the illustrat- 
ing ability of the observers, can not be determined at this time. 
Certainly some of the differences recorded by the above writers 
might be considered of specific or even generic value. I have 
found that the conidiophores of Uncinula necator as well as of 
Erysiphe polygoni, E. graminis and E. cichoracearum are reason- 
ably constant in the same and different collections if actively grow- 
ing specimens are examined. 

Conidia are usually 20 to 50 by 10 to 24 p», and are among the 
largest single-celled spores in the fungi. They are thin walled, 
smooth, colorless and vacuolate when fresh. They are typically 
ovate but may be cylindric, clavate or barrel-shaped (157, fig. 2) 
with many intergrading forms. Brodie and Neufeld (67) found 
a papilla on one or both ends of conidia of E. polygoni, and suggest 
that this papilla may be more permeable to gases than are other 
parts of the conidial wall. Starved conidia, formed on senescent 
leaves, are smaller and less germinable than the normal conidia 
(175, 223). 

Within the conidia and usually occupying over half the interior 
are conspicuous vacuoles which are believed to contain water (86, 
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363). The occasional presence in the vacuoles of particles show- 
ing active Brownian movement (363) indicates that the fluid in 
the vacuoles is relatively nonviscous. Only conidia with vacuoles 
are germinable (124). 

Many species of powdery mildews contain fibrosine bodies, or 
“corpuscles de Zopf”. These are highly refractive particles of 
disc, crescent or sometimes other shape, consisting of a B IV 
carbohydrate containing nitrogen (157) or callose (124) and are 
located between the vacuoles. In some species they can not be 
seen in water mounts but can be made apparent by clearing and 
staining (60, 123). They are most abundant in mature conidia 
but are also found in conidiophores. 

The perfect or sexual stage of powdery mildews is a superficial 
perithecium without an ostiole, sometimes called a ‘‘cleistothecium”, 
which has been described in the monographs previously cited as 
well as in many specialized reports. The description here is taken 
mostly from Homma (157). The perithecium is typically color- 
less when young, yellowish when immature, and brown to black 
at maturity. Mature perithecia are approximately spherical, 
60 to 320 » in diameter, and enclose one or more asci containing 
two to eight ascospores each. The wall of the perithecium consists 
of two layers, each of which may be several cells thick. The outer 
layer consists of thick-walled cells with scant protoplasm and 
commonly without nuclei. These cells are of characteristic size 
and shape for different species and are fitted together with few or 
no intercellular spaces. The inner layer is more loosely arranged, 
and the cells are thin walled, contain abundant protoplasm, and 
are binucleate. Asci are siout and club-shaped, sometimes with 
a foot, thin walled and with no special opening. The ascospores 
are similar in structure to the conidia, but vacuoles are not con- 
spicuous. Attached to the perithecia are two and sometimes three 
types of appendages which are usually thicker, darker, more rigid, 
less septate and less branched than the vegetative hyphae. The 
basal appendages by which the perithecia are attached to the sub- 
strate of origin are usually mycelium-like, though sometimes dark 
colored, and evanescent. The major appendages, which are com- 
monly used in classification, are generally equatorially attached 
but may be higher or lower on the perithecium, are commonly 
rigid, with a charactertistic structure for each genus, and may be 
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several times as long as the diameter of the perithecium. Short 
apical appendages, found only in Phyllactinia, are a crown of peni- 
cillate cells which are believed to function as organs of attach- 
ment after the perithecia have been disseminated. The n number 
of chromosomes is given as 4 by Eftimiu and Kharbush (110) and 
by Homma (157), and as 10 by Colson (83). 


TAXONOMY AND NOMENCLATURE 


The Erysiphaceae are in the order Perisporiales, which follows 
the Plectascales and precedes the Myriangiales in the Pyrenomy- 
cetes (130). Within the Perisporiales, the Erysiphaceae are 
closely related to the Perisporiaceae (sooty molds), as evidenced 
by the superficial mycelium, the haustoria in the epidermal cells, 
the similarity of the perithecia, and their susceptibility to infection 
by Cicinnobolus (26) in both families. The Perisporiaceae are 
clearly distinguished from the Erysiphaceae by their dark my- 
celium, their lesser parasitism, and their different types of 
conidiophores. 

On the basis of the degree of ectoparasitism, the Erysiphaceae 
are divided into the subfamilies Erysipheae and Phyllactineae by 
Salmon (263) and the subfamilies Erysiphe, Phyllactineae and 
Leveilluleae by Homma (157). 

Evolution within the family is not well understood. Several 
alternative schemes are given by Blumer (53). The problem is 
principally in deciding what characters are primitive and which are 
advanced. How is one to decide, for example, whether endophytic 
mycelium represents an advanced or a primitive condition? 

Classification to genera is on the basis of location of the my- 
celium, the types of appendages, and the number of asci in the 
perithecia. When these characters are clearly expressed, as they 
commonly are, the Erysiphaceae are easily classified to genera, and 
the nomenclature of genera and species has been more stable than 
that of most other families of fungi. Salmon’s classification (263) 
is commonly followed, but worthwhile changes have been recom- 
mended by Blumer (53) and Homma (157). Salmon recom- 
mends six genera, Blumer, eight, and Homma, 11. The genera 
commonly recognized are as follows: 

Leveillula: mycelium partly intercellular, appendages mycelium- 

like, several asci. 
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Phyllactinia: mycelium partly intercellular, appendages acicular 

with bulbous base, several asci. 

Erysiphe: mycelium superficial, appendages mycelium-like, 
several asci. 

Microsphaera: mycelium superficial, appendages dichotomously 
branched at tip, several asci. 

Uncinula: mycelium superficial, appendages with coiled tips, 


several asci. 
Sphaerotheca: mycelium superficial, appendages mycelium-like, 
one ascus. 


Podosphaera: mycelium superficial, appendages dichotomously 

branched at tip, one ascus. 

Little confusion exists between genera except occasionally be- 
tween Erysiphe and Microsphaera. The powdery mildews of bean 
(325), clover (240), sugar beet (325, 227) and sweet pea (48, 
325) have been assigned to both Erysiphe and Microsphaera. 
That these collections on the same plant may be the same genus 
and species is indicated by the apparent identity of the conidio- 
phores of Erysiphe polygoni and Microsphaera alni (157, 370), by 
the similarity of the perithecia in characters other than appendages, 
and by the occurrence in collections of Microsphaera of individual 
perithecia which might be taken for those of Erysiphe. _ 

Classification to species is usually based on the type, persistence 
and color of mycelium, position and structure of the appendages 
and conidiophores, number of ascospores, and dimensions of peri- 
thecia, conidia, appendages and perithecial cell walls. Naturally 
there is more disagreement among authorities on species limits 
than on generic limits. Salmon (263) lists 60 species and varie- 
ties; Jaczewski (169), 108 species; Saccardo (262), 185 species ; 
Blumer (53), 122 species, not including many more designated 
physiologic species ; and Homma (157), 74 species. 

While powdery mildews are commonly classified to order, 
family, genus and species by their perithecia, they are readily 
recognized as such by the mycelium and conidiophores in the 
absence of perithecia. Since most collections of powdery mildews 
do not show perithecia, since in many collections the perithecial 
characters are imperfectly expressed, and since perithecia have 
never been found for many species, at least on their customary 
hosts, a method of classifying powdery mildews on the basis of 


2 

/ 

= 
Z 


242 THE BOTANICAL REVIEW 


the conidial stage would seem very desirable, even though Salmon 
considered the conidial stage of little value for classification. 

Powdery mildew species, for which the perithecial stage is un- 
known or for which the conidial stage was well known before 
the perithecial stage was discovered, are commonly placed in the 
imperfect genus Oidium. The name Oidium is also sometimes but 
erroneously used for the genus Oospora, another imperfect genus 
in the Moniliales (1), but this will not concern us further here. 
Brundza (71) separates Oidium into Euoidium (those species 
which form conidia in chains) and Pseudoidium (those species 
which form conidia singly). Homma (157) recommends three 
imperfect genera: Oidium for species with typical conidiophores ; 
Ovulariopsis for those with clavate conidia, as occur in Phyllactinia; 
and Oidiopsis for those with the branched conidiophores which are 
found emerging from the stomata, as in Leveillula. Foex (122) 
recognizes four types of conidiophores. Most investigators since 
Salmon recommend the use of conidiophore and conidium charac- 
ters in addition to those of the perithecia in classifying powdery 
mildews, but Sawada (275) may be the only one to have set up 
a scheme of classification based on the conidial stages. The charac- 
ters of conidiophores most useful in distinguishing species are for- 
mation of conidia singly or in chains, size and shape of conidia and 
conidiophores, type of basal cell or cells, presence and type of 
fibrosive bodies, and type of vacuoles. Good illustrations of types 
of conidiophores and conidia are given by Sawada (275), Blumer 
(53), Brundza (71) and Homma (157). These characters of 
conidiophores, along with mycelial features such as color, wall 
thickness, density, position and haustorial characters (see above), 
should permit separation of most, if not all, species now separated 
on the basis of perithecial characters, as well as some not separable 
on such basis. Within the species Erysiphe polygoni of Salmon, 
the forms observed on clover, bean, cabbage and California poppy 
can be easily and consistently distinguished without conidial meas- 
urements (370), but whether these differences are of species or 
variety rank is debatable. 

The method of germination of the conidia (223), and the 
host on which the powdery mildew occurs are also distinguishing 
characters, though they should perhaps not be recommended for 
definitive taxonomic purposes. 
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Naturally there is disagreement on the value of the conidiophore 
characters mentioned. Some (53, 71, 79, 370) consider separation 
of conidiophores into those which form conidia singly and those 
which form conidia in chains very useful, but Hammarlund (144) 
and Neger (223) have correctly pointed out that the character of 
forming conidia singly is poorly expressed in a humid environment. 

Severe distortion of conidiophores in herbarium specimens limits 
the use of conidiophore characters in identification. Blumer (51) 
has derived a swelling coefficient for calculating the expected 
turgid size of conidia from herbarium specimens, but no method 
of bringing the vacuoles and fibrosine bodies back to normal is 
known. In the opinion of Bouwens (60) and the writer, only 
fresh material should be used in characterizing powdery mildews 
in their conidial stages, though, of course, useful information can 
be derived from dried specimens. 

Natural variation in conidiophore characters and the variation 
induced by environment weaken the value of conidiophores in 
identification. The size and shape of conidia may be different on 
upper and lower surfaces of the same leaf (175), and size may be 
increased by high humidity (60). With Erysiphe polygoni on red 
clover (370) conidia from field plants averaged 30 x 18 p, conidia 
from greenhouse plants averaged 36x20, and conidia from de- 
tached leaves on sucrose solution averaged 33x18 py. These three 
classes of conidia could be distinguished from each other without 
measurement. Even greater differences are those between “hunger” 
and normal conidia of the same species (223). In spite of these 
variations between collections of the same clone, the writer be- 
lieves with Homma, Sawada, Bouwens and Blumer that conidial 
dimensions are useful in characterizing powdery mildews. 

Some investigators use trinomials, for instance, Erysiphe gra- 
minis tritici (195), or even quadrinomials, such as E. marti f. sp. 
trifolii repentis (53) or E. gramini hordei race 6 (77) in designat- 
ing powdery mildews, as is also done with cereal rusts (323). 
This is essentially a host designation or a further host designation 
incorporated in a species name and is a recognition of physiologic 
specialization of the parasite (see later), since these trinomial 
species can not easily be distinguished on the basis of morphology 
(155). Whether it is better to say “EF. graminis hordei” or 
“ E. graminis on barley ” is debatable. Current usage is variable. 
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HOST RANGE 


Powdery mildews, as a group, attack most cultivated plants. 
Apples, apricots, almonds, barley, beans, clovers, crucifers, cucur- 
bits, citrus, cotton, grapes, grasses, lettuce, peaches, peas, potatoes, 
roses, rubber, tobacco, tomato and wheat are attacked, but carrots, 
celery, corn, figs, olives, onions, rice, spinach and sugar cane are 
not (166). Few generalizations can be made. Only angiosperms 
are victims. Aquatic plants are usually not subject. Salmon (263) 
observed Erysiphaceae on 1002 host species, and recorded 367 
additional host species from the literature. Of about 2500 species 
of angiosperms in Switzerland, Blumer (53) lists some 550 as 
hosts of powdery mildews. Of about 3100 host species listed in 
the U.S.D.A. Index of Plant Diseases (325), powdery mildews 
are listed on about 1340. While powdery mildews are more com- 
mon on cultivated than on wild plants (53), there appears no 
reason to believe that this applies more to powdery mildews than 
to other plant pathogens. 

Individual morphologic species or biologic species have a much 
narrower host range than does the family Erysiphaceae. The 
widest host range for a species is that for Erysiphe polygoni of 
Salmon (263), which is listed on 357 species in 157 genera. 
Usually only one species of powdery mildew is found on a single 
host species, but there are many cases where two species are known. 
As many as five distinct species are indicated on the same host 
species by different authors (263). The greatest number of species 
claimed by the same author as attacking a single host species is 
the four listed by Buchheim (72) on Caragana arborescens, but 
Blumer (53) cites only Erysiphe martii on this host. Cooke (85) 
gives four species of powdery mildew on two species of grape, but 
all of these are now commonly regarded as Uncinula necator (53). 
Three species of powdery mildews, commonly of different genera, 
are listed by Blumer on each of Alnus incana, Cirsium lanceolatum, 
Crataegus monogyna, Pyrus communis and Prunus domestica, and 
most of these are probably valid. 

Naturally many errors of host-parasite association are made. 
One of the commonest is the listing of Phyllactinia on various 
hosts, including Fomes, when the only basis was the finding of 
the perithecia on the host. Salmon (263) found that in some 
of these cases the Phyllactinia perithecia, even though numerous, 
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were attaching to the host by their apical appendages, obviously 
having attached themselves there after dissemination, and had not 
been produced there. 

As might be expected, certain authors disagree on the host 
range of a species, or even on a given source of inoculum. The 
host range of Erysiphe polygoni from Trifolium pratense has been 
experimentally tested by Salmon (266), Searle (282), Mains 
(194), Hammarlund (144), Blumer (53), Yarwood (344) and 
Kreitlow (182) with different results in each case where more 
than seven hosts were studied. These differences could be due 
to incorrect identification of hosts, different strains of host and 
pathogen, different environments, or other reasons. 

Different strains of the same species may vary greatly in their 
host range. Schmitt (279) found that the strain of Erysiphe 
cichoracearum on zinnia has a greater host range than the forms 
on Inula, Cerinthe, Helianthus, Phlox or cucurbits. The great 
variability of E. cichoracearum is further emphasized by the find- 
ing that forms on cucumber and sunflower will sometimes cross 
infect (250, 370) and sometimes will not (216, 279). Isolates of 
E. cichoracearum from sunflower, squash, hollyhock, dahlia, Lippia, 
Picris echoides and Nicotiana affinis in Berkeley, California, have 
all infected cucumber (370), though not equally. The greatest 
experimental host range of a single isolate of a powdery mildew 
is that of Erysiphe polyphaga, which has infected 89 species in 21 
families (145). 

In farming practice, one genus of plant is usually not considered 
a source of powdery mildew infection on other genera. One not- 
able exception is Sphaerotheca pannosa on Rosa banksia, which 
infects apricot (362). In one case observed in 1955, two large 
R. banksia bushes were apparently responsible for extensive fruit 
infection through about 80 acres of apricots (370). 

Usually powdery mildews occur wherever their hosts are. 
Arnaud (27) reports Uncinula wherever cultivated grapes are 
grown and finds the geographic distribution of Uncinula to be 
greater than that of any other grape parasite. There are many 
instances, however, where a given host is regularly infected with 
powdery mildew in certain localities but not in others. Some of 
these differences are undoubtedly atttributable to weather, as will 
be discussed under epidemiology. Many are undoubtedly due to 
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lack of introduction. The climate of the west coastal states of 
the United States and Canada is probably more favorable for 
Sphaerotheca humuli on hop than is the climate of New York and 
western Europe, yet this pathogen occurs in the latter localities 
but not in the former. Presumably it was never introduced into 
the west coastal areas. Erysiphe cichoracearum does not thrive 
on field potatoes in most areas of the world, but does occur in 
Palestine (234) and in the vicinity of Prosser, Washington (209). 
These are both arid areas, but there is no good reason to believe 
that other potato districts would not be equally suitable for this 
fungus. 

Outbreaks of powdery mildew occasionally occur on specific 
crops in areas where the disease has not previously been found. 
Most such cases can not be adequately explained but some probable 
causes are: introduction of the parasite from another area, attack 
of the crop by a pathogen already present in another crop, and mu- 
tation of the pathogen present on another crop to a form which is 
virulent on the crop in question. The outbreak of powdery mildew 
on grapes in Europe in 1845 (13) was probably brought about by 
the accidental introduction of Uncinula necator from America. 
Rubber mildew in Malaya and Indonesia, on the other hand, may 
have come from Euphorbia in those rubber-producing areas (377). 


IMPORTANCE 


Powdery mildews cause less spectacular losses than those caused 
by several other important groups of plant pathogens, such as 
viruses, downy mildews, rusts and root-rotting fungi. Some char- 
acteristics of powdery mildew infections which may account for 
this are their lack of systemic infections, lack of root infections, 
relatively slow increase during the season, infrequent death of 
the host, and ease and efficiency of control methods. Powdery 
mildews usually cause chronic infections which appear in moderate 
amounts every year, in contrast to such diseases as late blight of 
potatoes and downy mildew of hops which induce little if any 
losses during most years, but bring about heavy losses in occa- 
sional years. 

The most widespread and disastrous losses attributable to a 
powdery mildew were on grapes in France, where the yield of 
wine decreased from about 45 million hectoliters in 1850, in the 
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early stages of the epidemic, to about 10 million hectoliters in 
1854 at about the height of the epidemic (129). With widespread 
adoption of control measures, yields rose rapidly. 

Other records of losses resulting from powdery mildew are: 
killing of barley (196), up to 42 per cent reduction in yield of 
barley (171), gooseberry crop rendered worthless (221), 61 to 
71 per cent reduction in yield of hops (46, 203), 33 to 90 per cent 
reduction in yield of grapes (27), up to 80 per cent reduction in 
yield of peaches (119), 40 per cent reduction in yield of clover 
(161), and 75 per cent reduction in yield of cucumbers (302). 
These are all extreme cases, and many intermediate examples could 
be cited. 

With equally spaced red clover plants of a heterozygous popu- 
lation, the plants with least natural infection by Erysiphe polygoni 
produced about three times the green weight of the most heavily 
infected plants (336), and the green weight per plant was inversely 
proportioned to the incidence of powdery mildew. Seed yield 
was less affected than was green weight. Correlations of this 
type, while interesting and important, do not establish a quan- 
titative causal relation between mildew infection and yield be- 
cause the plants differed in many characters in addition to mildew 
susceptibility. 

Other aspects of damage from powdery mildews are their action 
as allergens (6) and the injurious effect on silkworms of mildewed 
mulberry leaves used as feed (253). Early suggestions that mil- 
dewed grapes were injurious to humans (41) and that mildewed 
clover was injurious to horses (194) have apparently not been 
confirmed. 


SYMPTOMATOLOGY 


With powdery mildew infections, morphologic signs (the patho- 
gen visible to the unaided eye) are usually apparent before morpho- 
logic symptoms. This is partly because powdery mildews are 
obligate parasites and injure their hosts slowly, and partly because 
the mycelium and conidiophores, being large, white and superficial, 
are fairly conspicuous. Also powdery mildews are rarely systemic, 
and it is only if a plant is parasitized by many independent infec- 
tions that much injury results. With Erysiphe graminis, E. poly- — 
goni, E. cichoracearum and probably most powdery mildew species, 
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infection is usually apparent in about five days after inoculation. 
Typical symptoms appear later and are usually a stunting and dis- 
tortion of leaves (121), surface necrosis of invaded tissue (168), 
a general decline in the growth of the host (216), deformation of 
fruit (46, 121), yellowing or chlorosis of leaves (84, 216), and 
premature leaf fall (84, 287, 330, 360). Specific symptoms of a 
few powdery mildews are the witches’ brooms and apparent hyper- 
trophy caused by Sphaerotheca lanestris on live oak, mummification 
of pistillate catkins of alder caused by Erysiphe aggregata (370), 
rolling of apple leaves due to infection with Podosphaera leuco- 
tricha (55), shot-holing of Prunus laurocerasus by Podosphaera 
tridactyla (370), formation of green islands on maple due to 
Uncinula aceris (320) and on buckeye by Phyllactinia corylea 
(370), mosaic-like symptoms on raspberry from infection with 
Sphaerotheca humuli (241), twig dieback of rubber due to Oidium 
hevae (290), bursting of berries (374) and moldy odor of grapes 
from Uncinula necator (45), and russeting of apple fruits by 
Podosphaera leucotricha (297). Foliage and young stems are 
characteristically attacked, but flower petals, calyces and fruits also 
frequently suffer. Pear, apple, cucumber, cantaloupe, plum and 
cherry fruits are commonly free of visible infection, even when the 
foliage of the same plants is heavily attacked, but pear and apple 
fruits are sometimes russeted by infection, and in rare cases the 
fungus may grow luxuriantly and form conidia on the fruit. Usu- 
ally both leaf surfaces are attacked, but occasionally the mycelium 
is predominantly on the upper or lower leaf surface. Phyllactinia 
corylea occurs exclusively on the lower leaf surface of several hosts. 
This is presumably because stomata are necessary for the endophytic 
penetration of this species, and stomata occur predominantly on the 
lower leaf surfaces. Infections by Erysiphe polygoni on bean avoid 
the pulvini of the primary leaves (365). Sphaerotheca castagnii 
grows principally on the upper leaf surface of greenhouse Bidens 
in December, January and February, and predominantly on the 
lower leaf surface during July (150). Roots are not attacked, and 
growth of the mycelium on herbaceous plants usually stops above 
the ground line. 

Histologic symptoms include a change in the staining properties 
of host cells, even in young infections (86), flattening of the 
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epidermal cells (374), hypertrophy of the penetrated epidermal 
cells (223), collapse of the necrotic epidermal cells in cases of 
subinfection (295), collapse of tissue below the penetrated epi- 
dermal cells (295, 332), movement of host nuclei toward the haus- 
toria (295), and formation of wound cork below parasitized 
epidermal cells (290). 

Necrosis of the penetrated epidermal cells and even of adjacent 
cells is a characteristic reaction of resistance to many powdery 
mildews (86, 295). It is especially common in infections of 
Uncinula on grape stems and maturing fruits. 

Physiologic symptoms include increased transpiration (229), 
especially at night (343), increased respiration (2, 3, 341) and 
decreased photosynthesis (284, 288). The increased transpiration 
and respiration are principally of the host tissues, not of the parasite 
(341, 354). 

Powdery mildew infection results in chemical as well as morpho- 
logic changes in the host. Reduced water (253), greater water- 
soluble fractions (218), more silicon and lime (253), and reduced 
alkaloid (181) from mildew infection have been reported. 

Mildew infection may exert effects on the host which are mani- 
fested beyond the site of the fungus (359). Primary bean leaves, 
heavily infected with Erysiphe polygoni when young, show less 
diurnal movement than normal leaves and tend to remain in a 
vertical position, even though the pulvinus is not attacked. In- 
fected leaves may absciss early. Allen (2) has shown that 
E. graminis stimulates respiration of barley leaves beyond the cells 
invaded by the fungus. 


LIFE HISTORY 


Inoculation, incubation, infection and sporulation, which follow 
each other cyclically in the order given, will be used in the sense 
accorded these terms by Whetzel (331). Because sporulation and 
inoculation are so closely integrated, it seems more convenient to 
start the life cycle with incubation, which in the powdery mildews 
involves germination of a spore after it reaches a suitable host 
surface. 


INCUBATION. The life cycle of powdery mildews is initiated 
by conidia or ascospores, both of which germinate similarly. 
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Germination usually starts within two hours of seeding (67) and 
is favored by light, suitable temperature and absence of water. 
The effect of these factors will be treated under epidemiology. 

Conidial germination is also favored by host contact (343), by 
being produced on certain hosts (144) and by collection at certain 
times of the day (343). Under favorable conditions a germ 
tube is put out from one “corner” of the conidium, not from 
the ends or sides. Illustrations of conidium germination are given 
by Corner (86), Brodie and Neufeld (67), Blumer (53), Homma 
(157) and Neger (223). The first germ tube is usually short 
and forms a much convoluted appressorium in contact with the 
host surface. Growth of germ tubes toward the leaf and their 
attachment to the leaf may be stimulated by the positive photo- 
tropism of the germ tubes to green light (338, 370). On water, 
agar or glass surfaces, germination is abnormal in that the germ 
tubes may grow away from the substrate (86) and no appressoria 
are commonly formed, though appressorium formation on glass 
slides may be induced by manipulation of light so the germ tubes 
grow toward the glass surface (370). A fine penetration tube, 
emerging from the center of the appressorium, grows into the 
lumen of the cell at the same time as a collar of host-wall material 
grows around the penetration tube (86, 293, 295). 


INFECTION. Within the lumen of the cell the. haustorium ex- 
pands to its characteristic shape. While the first haustorium is 
becoming established, additional germ tubes are formed from other 
corners of the same spore, and hyphae are being sent from the 
primary appressorium along the epidermis of the leaf. On all 
hyphae after the first germ tube, appressoria are formed laterally. 
Branching is acute and fairly regular. A unique feature of 
powdery mildew colonies is that the mother spore remains a living 
integral part of the colony or thallus and does not collapse after 
the fungus has established nutritive relations with the host, as 
occurs with downy mildews, rusts and many other pathogens. 


SPORULATION. About four days after inoculation, conidiophores 
begin to form as swellings opposite the nuclei in vegetative cells 
in the center of the colony. Conidiophore development has been 
described for several species by Foex (123). As the colony 
grows, new conidiophores are formed farther and farther from 
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the center of the colony. Colonies from single spores rarely 
become more than two centimeters in diameter under the most 
favorable conditions for growth. It seems likely that aging of the 
host leaf slows down the growth of the parasite. 

The mechanism of conidial abstriction is controversial. In one 
of the most delicate arrangements ever applied to fungi, Hammar- 
lund (144) fitted capillary tubes over individual conidiophores 
and examined the maturation of conidia microscopically. He re- 
ports that the rim of attachment of a maturing conidium to the 
cell below is suddenly broken and that the maturing coni‘lium is 
forcibly discharged to a distance of several spore lengths by 
rounding off of the two adjacent cells through internal pressure. 
This method of spore discharge is basically the same as that 
described for Sclerospora (Peronosporaceae) by Weston (328). 
Unfortunately no one has confirmed this mechanism for a powdery 
mildew. Farlow (116), Viala (317), Brodie and Neufeld (67) 
and Yarwood (343) report that abstriction of powdery mildew 
conidia is a gradual process. However, something suggesting 
active abstriction has occasionally been seen. When detached leaf 
cultures of clover powdery mildew (353) were opened and ex- 
amined microscopically from above the mildew colony, individual 
conidia were occasionally observed to be suddenly displaced, but 
this has never been seen in the many cases where individual coni- 
diophores were examined for periods of many minutes during the 
time of abstriction of spores. 


DISSEMINATION. Dissemination of conidia is almost exclusively 
by wind (53, 154). The role of rain (64, 219), insects (53), 
snails (322), and man (236) is probably negligible. Powdery 
mildew conidia fall in air at'about 1.2 cm. per second, which is 
more rapid than for most fungus spores (137). Gregory et al. 
(139) have concluded that spore liberation, as measured by spore 
trapping in air, is independent of wind speed. While most elon- 
gated spores fall obliquely (73), those of some powdery mildews 
tend to descend vertically (371). With the deposition of the 
conidia on an infection court, the conidial or asexual life cycle of a 
powdery mildew is completed and starts to repeat itself. Since 
the conidial life cycle may be completed in about five days (245), 
many consecutive conidial life cycles may be consummated during 
the course of a summer season. The movement of clover powdery 
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mildew from New York State in 1921 to Washington State in 
1924 (161) against the prevailing winds probably depended on 
many such conidial cycles, and is one of the best documented 


examples of rapid long distance spread of a pathogen by many 
successive stages. 


ARTIFICIAL INOCULATION. Conflicting ideas of the relation of 
water to infection with powdery mildews has led to a variety of 
contrasting methods of making artificial inoculations. Suspending 
of conidia in water (279), spraying of plants with water before 
inoculation (223) or incubating the plants in a moist chamber after 
inoculation (195) are probably all of no value in obtaining infection 
in most cases, though they may incidentally serve such useful 
purposes as confinement of strains, reduction of light and reduction 
of temperature. Dusting dry conidia onto dry leaves and leaving 
the inoculated plants in a dry environment (77, 246, 345) will 
give heavy infection with most powdery mildews. Use of detached 
leaves (353) has facilitated certain experiments with powdery 
mildews, especially in securing infection under conditions unfavor- 
able to infection of entire plants. Growing powdery mildews on 


tissue cultures will probably be useful for specific purposes. Single 
spore inoculations are commonly successful (157, 342). 


OCCURRENCE OF PERITHECIA. Perithecia of powdery mildews 
are usually first found after the conidial stage has been apparent 
for several weeks (72) but may be detected at any time in the 
summer and fall. Typhulochaeta japonica is known only in the 
perithecial stage (157). Other species form perithecia regularly, 
occasionally or never, and naturally the factors determining peri- 
thecial formation have been the object of considerable experiment 
and speculation. Most investigators consider the nutritive condi- 
tion cf the host or sexuality as major factors. Formation of peri- 
thecia is usually preceded by a decrease in conidium formation. 

The normal formation of perithecia in late summer has suggested 
a variety of causes. Low temperatures (45), alternating low 
and medium temperatures (28, 77), heavy inoculation (186), low 
nutritive condition of host (157, 186), low humidity (54, 72), 
dry soil (186) and an aging host (134) have been considered as 
favoring perithecium formation. The most extensive study of 
perithecium formation has been by Laibach (186). He concluded 
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that perithecium formation is primarily a matter of host nutrition, 
and he likened it in powdery mildews to teliospore formation in 
rusts, where a lowered carbohydrate level of the host has been 
shown to be favorable (324). Laibach observed that in nature 
Erysiphe galeopsidis forms both conidia and perithecia on Lamium 
purpureum but only conidia on L.amplexicaule. When L. ample- 
xicaule was heavily inoculated, however, perithecia were formed on 
this species. Many others have noted that certain host species or 
varieties are more prone to support perithecium formation than are 
others (19, 27). 

The occurrence of perithecia of Erysiphe cichoracearum on 
cucurbits and potatoes in the Yakima Valley of Washington (209, 
248), and in few or no other places in the United States, suggests 
that this location is peculiarly favorable for perithecium formation. 
Perithecia are rare in the tropics (1, 43). 


PERITHECIUM FORMATION. Perithecia are the perfect stage of 
powdery mildews, and the histology of their formation has been 
extensively studied by Harper (146), Raymond (249), Allen (4), 
Homma (157) and many others. The present account for 
Sphaerotheca is taken largely from Homma. Antheridia and 
ascogonia are specialized hyphae formed in the center of the colony 
at right angles to the main body of mycelium. The antheridium 
is smaller than the oogonium and each contains one nucleus. 
Both hyphae grow side by side or coil around each other. The 
antheridial nucleus divides once, and one daughter nucleus mi- 
grates into the ascogonium through a small pore. The primary 
perithecial wall cells are formed from the twisting hyphal cells 
arising from the stalk cell of the ascogonium. The secondary 
perithecial wall cells develop between the ascogonium and the first 
wall. At this stage the antheridium withers and disappears. 
When four or five cell layers of the wall are developed, the ap- 
pendages begin to arise from near the base of the perithecium. The 
outer two wall-layers are composed of larger cells whose walls 
gradually turn brown. These layers constitute the so-called outer 
wall. The inner two or three layers make up the inner wall, whose 
cells are hyaline and binucleate. At the time when two layers of 
the outer perithecial wall are developed, the male and female nuclei 
in the ascogonium conjugate. The ascogonium divides to four or 
five cells, the penultimate of which becomes the ascus. The nucleus 
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in this cell divides three times, and eight ascospores are cut out by 
free cell formation. Eight chromosomes could be counted in the 
first nuclear division. 

Perithecium formation differs among species, as observed by 
various investigators. Allen (4) found cell fusions between un- 
specialized cells prior to perithecium formation. Raymond (249) 
found examples of disintegration of the male nucleus in the 
antheridium. The controversial matter of nuclear fusion in both 
the ascogonium and the young ascus (130) has not been satis- 
factorily settled. 


SEXUALITY. Sexuality as a factor in perithecium formation was 
apparently first tested by Homma (156). She found that single 
conidium cultures of Sphaerotheca fuliginea formed perithecia on 
Taraxacum. This established homothallism for the species. Later, 
however, she (157) believed that heterothallism seems to be more 
common. 

The transition of certain natural infections of Erysiphe cichora- 
cearum on sunflower from powdery areas to cottony areas to peri- 
thecium-bearing areas, while other areas on the same leaf remained 
powdery, and the formation of perithecia at the merging of two 
colonies, led to the conclusion that this fungus is heterothallic 
(342). Single conidia were taken from the periphery of perithe- 
cium-producing areas and used to establish single-conidium cul- 
tures. These single-spore cultures on detached leaves did not 
produce perithecia, but certain paired combinations did so. Abun- 
dant formation of perithecia on young detached leaves on five 
per cent sucrose solutions in Petri dish moisture chambers at room 
temperature indicated that old leaves, a low carbohydrate level of 
the host, a dry atmosphere and low temperatures are not critical 
in perithecium formation. However, perithecia did not usually 
mature spores under these conditions. In Erysiphe graminis both 
homothallism (77) and heterothallism (244) have been reported. 


FUNCTION OF APPENDAGES. The function of the various types 
of appendages of powdery mildew perithecia is in doubt. The 
bulbous-based appendages of Phyllactinia apparently raise the 
perithecia above the substrate as they dry out (222). Splashing 
rain is seemingly the principal agent of liberation of the peri- 
thecia from the substrate (224, 375). Yossifovitch (375) be- 
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lieves that the principal function of appendages is to attach the 
perithecia to new substrata during or after dissemination. This 
role of the penicillate appendages of Phyllactinia is fairly clear 
from the variety of substrata on which these perithecia are found. 


MATURATION OF PERITHECIA. Maturation of perithecia has 
been studied by Galloway (126), Salmon (267, 271), Woodward 
(335), Graf-Marin (134) and Cherewick (77). Ascospores may 
be mature when the perithecia become macroscopically mature 
(267, 271), or there may be a long interval from formation of 
perithecia to maturation of ascospores (126). Free water aids or 
is essential to the maturation of ascospores (220b, 265, 375), and 
maturation of ascospores may be aided by alternating low and 
medium temperatures, sucrose, HNO3, KNOs; (28) and phyto- 
hormones (305). When ascospores are mature they are actively 
discharged. The perithecium is ruptured irregularly by the swell- 
ing ascus or asci, and the ascospores may be forcibly ejected into 
the air while the ascus is still enclosed in the perithecium (271), or 
the ascus may first be discharged from the perithecium and then 
the ascospores from the ascus. 


OVERWINTERING. Most powdery mildews are relatively inactive 
during the winter season. Overwintering is commonly believed 
to be by means of perithecia (95, 300), but the role of perithecia 
in the life history of powdery mildews has probably been over- 
emphasized. Many overwinter as mycelium in the dormant buds 
of their hosts, and overwintering as ordinary mycelium (308), as 
pannose mycelium (22, 77), as chlamydospores (25, 242) and as 
active infection in warm southern regions also occurs. Question- 
able are an intercellular and saprophytic overwintering stage (112), 
overwintering as haustoria (238), overwintering in seeds (88, 315, 
316) and overwintering as conidia (45, 286). 

Infection with ascospores has been reported for Erysiphe 
graminis on barley (77, 244, 265), for Sphaerotheca humuli on 
hop (47) and Alchemilla (299), for Podosphaera tridactyla on 
apricot (98), and for Phyllactinia guttata on several species (144). 
Formation of perithecia is no assurance that they function in 
nature. Perithecia are formed fairly commonly by Sphaerotheca 
pannosa on rose, by S. mors-uvae on gooseberry, by Uncinula 
necator on grape, and by Microsphaera alni on lilac, but 
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there is apparently little experimental evidence that they func- 
tion in overwintering, whereas there is good circumstantial 
evidence (see below) that each of these mildews may overwinter 
as mycelium in the buds. Even though ascospores have been 
germinated, there may be no direct evidence that they cause in- 
fection. Galloway (126) germinated ascospores of Uncinula 
necator, but infection experiments with ascospores were unsuccess- 
ful. Horne (160) reported germination of ascospores of Sphaero- 
theca mors-uvae, but does not cite any infection experiments. With 
Podosphaera leucotricha on apple, Cunningham (90) indicates 
that the abundant perithecia play no part in the overwintering of 
the fungus. 

It is likely that ascospores of many species other than those re- 
ported here will cause infection. The long period of maturation 
necessary before some ascospores germinate (95, 126) may be one 
reason why so few life cycles have been experimentally completed 
through the perithecial stage. The longevity of perithecia of up 
to 13 years (220b) in contrast to that of conidia of only a few 
days (210, 373) would certainly support the common belief that 
perithecia may function to carry the fungus over long periods dur- 
ing which the conidia would die. That the perithecia of some spe- 
cies may function for over-summering of powdery mildews is indi- 
cated by the current season germination of ascospores of Erysiphe 
graminis (77, 220b, 267) and of Sphaerotheca mors-uvae (271), 
and the failure of ascospores of Sphaerotheca mors-uvae (271) 
and Erysiphe polygoni (5) to remain viable over winter. 

Further evidence of the non-necessity of perithecia is the regular 
annual occurrence of the conidial stage of Uncinula necator on 
grape for 47 years before the perithecia were found in Europe 
(374), of conidia of Microsphaera quercina on oak for four 
years before the perithecia were found (53) and the present non- 
occurrence of perithecia for many species in given areas, (43, 53, 
351). 

The possibility that perithecia may be the origin of new patho- 
genic races of mildew pathogens, as are the aecia of rust pathogens 
(228), naturally suggests itself. However, trials by Salmon (265) 
indicated equal infective powers of ascospores and conidia, and 
Powers and Moseman (244) found that two sexually compatible 
cultures of Erysiphe graminis were equally infective on seven 
varieties of wheat. 


. 


POWDERY MILDEWS 257 


BUD INFECTIONS. Overwintering as mycelium in dormant buds 
has been reported for powdery mildew on grape (374), apple 
(335), oak (225), raspberry (241), rose (351), peach (292), 
hawthorn (102), gooseberry (102), lilac (351), plum (351), 
cotoneaster (351), crape myrtle (327), Photinia serrulata (239), 
Pyracantha crenulata (351) and blackberry (370). The complete 
coverage by mildew mycelium and conidiophores of all the leaves 
of certain opening buds and the complete absence of the fungus in 
other opening buds on the same plant is the usual criterion of bud- 
overwintering of powdery mildews. The finding of mildew 
mycelium in dormant buds (335) is important corroborative 
evidence but should not be regarded as proof that the pathogen 
overwinters there, any more than the finding of curly top virus in 
sugar beet seeds (35) is evidence of seed transmission of the virus. 
The production of luxuriant mildew from buds which were surface 
sterilized while dormant and incubated under conditions precluding 
contamination by mildew is impressive evidence of the overwinter- 
ing of the fungus in the buds (347). Host varieties differ in their 
tendency to develop bud infections (27). 

There are cases of annuals (eg., beans, zinnia, cucumbers) 
which become infected nearly every year by powdery mildews that 
are not known to form perithecia in the regions concerned. In 
annuals overwintering in dormant buds is excluded. The possibil- 
ity that these mildews overwinter in southern areas and blow north 
each year, as is believed of cucumber downy mildew on the eastern | 
coast of the United States (230), needs investigation. 


DIURNAL CYCLE. Formation of appressoria, division of gener- 
ative cells, abstriction of conidia, dissemination of conidia and 
germination of conidia of Erysiphe polygoni occur principally 
during the light portion of the day (339, 343). Maturation of 
conidia in E. cichoracearum (79), Sphaerotheca pannosa (79), 
Podosphaera leucotricha (79), Oidium euonymi japonica (79), 
Microsphaera alni (370) and Uncinula necator (370) is also 
diurnal. Yarwood (343) observed no diurnal cycle of maturation 
of conidia of Erysiphe graminis, but Yarwood and Cohen (372) 
found a diurnal responsiveness to nutrients in this fungus, and 
Gregory (138) and Hirst (154) report that conidia of E. graminis 
were caught in the air principally during the light portion of the 
day. This diurnal cycle of maturation of conidia is most clearly 
expressed morphologically in species, such as Erysiphe polygoni, 
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Microsphaera alni and Uncinula necator, which mature their 
conidia singly, and is more difficult to establish in species, such as 
Erysiphe graminis, E. cichoracearum and Podosphaera leucotricha, 
which mature their conidia in chains. With E. polygoni on clover, 
conidia are matured and slowly abstricted about noon. On the 
afternoon of the same day the nucleus of the generative cell divides 
and a septum is formed between the two nuclei. During the night 
the principal changes are increase in length of the new generative 
cell and increase in diameter of the conidium to be matured the 
following day. According to Yarwood (343) and Childs (79), 
one conidium is matured per day per conidiophore for E. polygoni. 
But Hammarlund (144), using more precise methods, reported 
that several conidia were formed per day per conidiophore by this 
species. 

Yarwood (343) believed that the dissemination of powdery mil- 
dew conidia principally during the afternoon was a natural conse- 
quence of the maturation and abstriction of the conidia during the 
morning of the same day, but Hirst (154) has shown that daytime 
dispersal is characteristic of many fungi, some of which presumably 
do not mature their conidia at the same time of day as do powdery 
mildews. Yarwood believed that the diurnal periodicity of 
Erysiphe polygoni depended on the alternation of light and dark- 
ness in the normal day, but Gregory et al. (139) found that keep- 
ing plants in darkness did not alter the diurnal periodicity of spore 
dissemination of E. graminis. 

The greater incidence of powdery mildews in late summer than 
in spring (49, 84, 316) is a common observation. The slow sea- 
sonal increase after a low winter carry-over is believed to be partly 
responsible for this, but increasing age of host and environmental 
factors may also be involved. 


OBLIGATE PARASITISM. The Erysiphaceae, like the Uredinales, 
Peronosporaceae and Plasmodiophoraceae, have not, in spite of 
much effort, been cultured on non-living substrata, and are called 
“obligate parasites”. Since the phenomenon of obligate para- 
sitism has been recently reviewed (368), most of the information 
in that review will not be repeated here. On conventional media, 
such as potato dextrose agar, which supports the growth of many 
plant pathogens, powdery mildew conidia may form short germ 
tubes with septa (374), but these germ tubes soon die. It has 


| 


POWDERY MILDEWS 259 


been shown that on special collodion membranes, a higher percent- 
age germination occurred (301) and a higher percentage of the 
germ tubes grew along the surface of the substrate than on agar 
or water surfaces (101). Sugar solutions may in some cases (53, 
134, 336) increase percentage germination and length of germ 
tubes. Yarwood and Cohen (372) and Atkinson and Shaw (29) 
have indicated a possible role of organic phosphates in nutrition 
of powdery mildews. Of many nutrients tested (368), an alkaline 
solution of hen’s egg yolk caused the greatest increase in germ 
tube length. It seems likely that powdery mildews will eventually 
be cultured on non-living substrata. The most promising results 
reported to date are those of Hammarlund (144) with Erysiphe 
communis on extracts of Hypericum, and of Blumer (53) with oak 
mildew on a sterilized oak leaf. Tissue cultures, reported so suc- 
cessful as the start for the axenic culture of a rust (162), might 
be useful in axenic culture of powdery mildews. Uncinula necator 
(220) and Erysiphe cichoracearum (149) have been grown in 
tissue culture, but no tendency of the mildew fungi to grow on the 
non-living substrate was noted. Heim and Gries (149) secured 
growth of E. cichoracearum on tumor tissue of sunflower, but not 
on callus tissue. 


BIOLOGIC SPECIALIZATION 


Within a conventional morphologic species of powdery mildew 
are usually many subspecies, forms, varieties, biotypes or races 
which can not be distinguished morphologically or which can be 
distinguished by only slight morphological differences (155). Yet 
different isolates of the same morphologic species can be readily 
distinguished by their contrasting development on different clones, 
varieties, species or genera of host plants. A pure culture of a 
powdery mildew, derived from a single spore, usually will attack 
only species within a single genus, occasionally will attack several 
genera within a family, and rarely will attack several families of 
host plants. Biologic specialization of powdery mildews has been 
studied by Marchal (198), Salmon (266), Deckenbach (97), 
Hammarlund (144), Huttenbach (165), Steiner (299) and many 
others. Biologic specialization at the host genus level was reported 
by Marchal who found that wheat was infected by conidia of 
Erysiphe graminis produced on wheat but not by conidia produced 
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on rye and barley, whereas these latter hosts were also infected 
only by conidia produced on rye and barley, respectively. 

Biologic specialization at the species level has perhaps been most 
intensively studied by Hammarlund (144), who found that 
Erysiphe communis from Rumex acetosa would parasitize this host 
and R. acetosella but would not attack other species of Rumex or 
25 species in other genera. Similarly, E. communis from Poly- 
gonum aviculare, Aquilegia vulgaris, Ranunculus Flammula, R. 
aceris, R. repens, Thalictrum flavum and many other hosts would 
attack only a few species in the same genus, but not species in other 
genera. At the variety level, ten races of Erysiphe graminis, or 
Erysiphe graminis hordei, have been distinguished on varieties of 
barley (77), and two races of E. cichoracearum on varieties of 
Cucumis melo (170). Physiologic specialization of this type is 
to be expected in all morphologic species of powdery mildews, and 
it would seem safe to predict physiologic specialization in places 
where it has not been reported, such as for Uncinula necator on 
grape and for Podosphaera leucotricha on apple. 

Erysiphe polyphaga shows what is probably the lowest degree of 
specialization in the powdery mildews, as clones of this species will 
attack plants in several families (56, 145). 

While conidia have been used in most studies of physiologic 
specialization in powdery mildews, Marchal (199) and Salmon 
(265) found that for Erysiphe graminis the host range as deter- 
mined by conidia or ascospores is the same. 


HOST PARASITE RELATIONS 


Most powdery mildews form haustoria in the epidermal cells of 
their hosts, but are otherwise superficial. The morphologic injury 
(332) and the increased respiration (2) beyond the invaded cells 
show that the effects of the haustoria are translocated for at least 
short distances. It is logically presumed that the haustoria are 
feeding organs, but this would be hard to prove. The abundance 
of acid phosphatase in haustoria (29) would indicate that haus- 
toria function in the transformation of organic phosphates of the 
host. On the other hand, the effect of nutrients in increasing 
germ tube growth without haustoria on an agar substrate (368) 
would indicate that nutrients can be absorbed by hyphae. 

The limited host invasion by powdery mildews could be a 
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reason they injure their hosts more slowly than do most other 
pathogens. On the other hand, those powdery mildews with a 
limited or extensive intercellular mycelium and haustoria (Phyl- 
lactinia and Leveillula) apparently do not kill more rapidly than 
the superficial species. 

The idea that the association of powdery mildews with their 
hosts is a kind of tolerated symbiosis (226) is supported by the 
possible limited increase in photosynthesis in the early stages 
of infection (2, 284, 288), by occasional longer retention of 
chlorophyll in mildewed than in nonmildewed areas of the same 
leaves (320, 370) and by the cytologically compatible association 
of host and parasite (293, 295) but by little else. In a general 
way powdery mildews are injurious to their hosts. 

Powdery mildews, like rusts and many other pathogens, will 
penetrate many plants on which they will make no further growth 
(86, 148, 153a, 332). In such cases the pathogen soon dies, and 
in many others the penetrated cells of the host as well as cells 
adjacent to the penetrated cells, also die, as manifested by their 
darkened and collapsed appearance (295). This necrotic reaction 
of resistant plants, called ‘‘ subinfection” (266, 282) and “ hyper- 
sensitive reaction” (75), is sometimes considered a type of ex- 
treme susceptibility (78). The utility of this point of view 
depends on whether one considers susceptibility in terms of rapidity 
of killing of the host cells or in terms of luxuriance of growth of 
the pathogen. If death of the host cells is the criterion used, then 
the necrotic reaction is truly a case of extreme susceptibility, but 
if growth of the pathogen is the criterion, there is no evidence that 
the hypersensitive reaction represents extreme susceptibility to 
powdery mildews. A critical point might be whether the fungus 
shows injury first (resistance) or whether the host shows injury 
first (susceptibility). In studies of Erysiphe polygoni on suscep- 
tible and resistant clover (339) the growth of the pathogen de- 
creased on resistant plants before the host showed any apparent 
reaction. On the other hand, Chester (78) reports that crosses 
between resistant and hypersensitive parents (pathogen not 
specified) may produce extremely susceptible offspring. This 
would support the idea that hypersensitivity is a case of ex- 
treme susceptibility. 

Neger (226) recognized three types of host-pathogen association 
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in powdery mildew infections: (a) germination of the conidia 
without penetration of the host; (b) germination and haustorium 
formation followed by deposition of gum in the parasitized cells 
and death of the fungus, also referred to as “ necrotic reaction”, 
“hypersensitive reaction” and “ subinfection” (see above) ; and 
(c) germination, haustorium formation and development of luxu- 
riant mycelium, also called the “ susceptible reaction”. The lack 
of germination on old resistant leaves which were previously sus- 
ceptible (86) would seem to add a fourth category which should 
precede those of Neger. There will, of course, be all gradations 
between these types. 

Plants in Neger’s second category, normally giving the hyper- 
sensitive reaction, may sometimes be made susceptible. Salmon 
(269, 270) found that mildew-immune barley could be made sus- 
ceptible in localized areas by removal of the epidermis, by heating 
the leaves to 50° C. before inoculation, by searing the leaves with a 
hot needle, and by exposing the leaves to ether, alcohol or chloro- 
form. While some investigators have failed to confirm these 
effects, others have confirmed them in part (144, 193, 282, 369). 
Some of these same treatments caused the normally superficial mil- 
dew to grow in the intercellular spaces of its host (193, 270, 282). 

Other conditions favoring mildew infection are infestation of 
the host with gall-forming insects (53, 152), infection of the 
host with rust (188, 319), rubbing of old leaves with carborundum 
(42, 370) or wind-blown sand (312), detachment of floral organs 
(127), and damage of host by frost (50) or hail (111). The first 
two of these effects may be due to an increased localized succulence 
of the infested tissue. An additional case is the parasitism of 
Erysiphe cichoracearum from cucumber on rusted bean (370). On 
normal bean, inocluation with E. cichoracearum results in no 
macroscopically visible reaction, but on bean infected with 
Uromyces phaseoli, E. cichoracearum grows luxuriantly and spor- 
ulates only in the immediate vicinity of rust pustules. On the 
other hand, infection with mosaic reduces the susceptibility of 
cucumber to the same fungus (57). The effect of the carborundum 
treatment is presumably to make the cuticle thinner and to permit 
more ready penetration by haustoria. 

The relation of age of tissues to susceptibility to mildew varies 
with the host-parasite combination. Apple (42), barley (86, 134) 
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and bean (370) leaves normally decrease in susceptibility with 
increasing age, and this is believed to be the general rule. How- 
ever, Uozumi and Yoshii (314) indicate that young leaves of 
cucumber are more resistant than older leaves, and Blumer (53) 
considers increasing susceptibility with age to be a general rule. 
Salmon (268) described the phenomenon of bridging species 
with Erysiphe graminis on Bromus. He found that the strain of 
mildew on Bromus racemosus would not infect B. commutatis if 
transferred directly, but would do so if first grown on B. horde- 
aceus. This was confirmed in principle by Homma (157) but 
not by Hammarlund (144), and is usually not accepted at the 
present time. Hammarlund explains Salmon’s results as probably 
attributable to an effect of B. hordeaceus in increasing the germin- 
ative vigor of Erysiphe conidia. 


EPIDEMIOLOGY 


Powdery mildews are generally favored by relatively dry atmos- 
pheric and soil conditions, moderate temperatures, reduced light, 
fertile soil and succulent plant growth. General statements such 
as that mildew is favored by light, sandy soils (196), by warm, 
humid weather (21, 23), by greenhouse as compared to outdoor 
conditions (299, 311), by dry, warm weather (54, 164), by warm 
weather and wet fog (76), by having the leaves and vines well 
above the soil (11), and that when the air is hot and dry the 
fungus can not grow on the outer leaves (45) are more significant 
if they can be interpreted quantitatively in terms of separate en- 
vironmental factors. Actually the three principal environmental 
factors—temperature, humidity, light—are closely interrelated 
(357). The greater mildew severity on the inner than on the outer 
leaves of grape vines (45) is correlated with the lower temperature, 
higher humidity and lower light intensity at the interior of the 
vine, and field observations do not permit a separate appraisal of 
each factor. 

Powdery mildews are more abundant in the San Francisco Bay 
area of California than in most other parts of California or of the 
United States. Powdery mildews found on 62 hosts in 1937 and 
‘1945 had not at that time been recorded elsewhere in the United 
States (345a). The climate of the San Francisco Bay area is 
markedly cool in summer, with frequent high fogs. The high 
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incidence of powdery mildews there is sometimes attributed to high 


humidity, but the low temperature and low light intensity could 
also be responsible. 


MOISTURE. The relation of moisture to disease has been one of 
the most controversial aspects of our knowledge of powdery mil- 
dews. The greater incidence of Erysiphe polygoni on peas and of 
Sphaerotheca pannosa on roses under dry than under wet soil 
and air conditions (178) is one of the first observations on the 
epidemiology of specific plant diseases by a competent observer. 
Since that time the effects of low soil moisture (7, 8, 14, 16, 84, 98, 
135, 355) and the absence of rain (40, 71, 92, 253, 281, 345) in 
increasing the severity of powdery mildews, and the controlling 
effect on the disease of syringing with water (77, 205, 348), have 
been made by many independent observers and investigators. 
Supplementary observations which support the generalization that 
powdery mildews are favored by dry weather are the mechanical 
damage to powdery mildew conidiophores by rain (345), the poor 
germination of spores in water (86, 223), the growth of germ 
tubes away from a free water surface (86, 101), the greater pro- 
duction of spores under moderate than under high relative humidi- 
ties (144), the greater germinability of spores produced under low 
than under high atmospheric humidity (144), the greater in- 
cidence of powdery mildew conidia in the air in dry than in rainy 
weather (187, 339) and the greater incidence of the mildew para- 
site, Cicinnobolus cesatii, under moist than dry conditions (370). 

The relative importance of powdery mildews on the same host 
species in different regions is usefully correlated with the rainfall 
distribution in those regions. The powdery mildews of peach, 
apple, rose, cucurbits, beans, peas and grapes are commonly severe 
in the absence of control in California, with its relatively rain-free 
summers, while in the eastern states, with rainfall distributed 
throughout the summer months (313), powdery mildews on these 
crops are usually not important enough to justify control measures. 
The most useful correlation of weather conditions with incidence 
of powdery mildews is the study of Boughey (59), who has shown 
that within the Sudan, within Scotland, or throughout the world, 
the incidence of powdery mildews decreases as the rainfall in- 
creases. Even within a district with practically rain-free summers, 
Palti (234) found that potato powdery mildew was absent in the 
humid coastal plain but frequent and severe in the drier interior 
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valleys. Of course, these types of correlations do not establish 
cause and effect. 

The injurious action of rain on powdery mildews has been 
demonstrated by protecting field plants from rain, but leaving 
other conditions relatively unchanged. Areas three times six feet 
in a clover field were covered with glass about 18 inches from 
the ground, but no protection was given at the sides. The plants, 
protected from rain, but only slightly from wind, were more 
severely infected by powdery mildew than were the unprotected 
plants. The mildew on the protected plants was relatively free 
of Cicinnobolus, while that on the unprotected plants was heavily 
parasitized (345). 

In the writer’s trials (345), and contrary to the data of Hammar- 
lund (144), the relative humidity of the atmosphere has had only 
a slight effect on powdery mildew development. Mycelium of 
Erysiphe polygoni grew and formed conidia about as luxuriantly 
on sugar solution in closed dishes at near 100 per cent relative 
humidity as on similar leaves exposed to the dry atmosphere of 
the laboratory. Conidia from these leaves at high atmospheric 
humidity germinated about as well as those produced at lower 
humidities. 

The most impressive evidence of the tolerance of powdery mil- 
dews to low atmospheric humidity is the germination of conidia 
by Brodie (66), Brodie and Neufeld (67), Clayton (81), Delp 
(99) and Yarwood (345) at relative humidities approaching zero 
(OR.H.). No other spores known to the writer have this property. 
The explanation is probably the high water content of the conidia 
and their extremely efficient system of water conservation. Surface 
dry conidia of Erysiphe polygoni contain about 70 per cent water, 
whereas other representative air-borne fungus spores contain 
only about 10 per cent (358). The surfaces of E. polygoni spores 
lose water at only about one twelve-hundredth the rate of a free 
water surface, and about one four-hundredth the rate of a rapidly 
transpiring leaf under comparable conditions (363). If the conidia 
lost water at the same rate per unit area as a free water surface 
(about 800 mg./hr./dem.? at 22° C. and 50 per cent relative 
humidity), their water would be gone in about two minutes, 
whereas these conidia actually continue to lose water for over 50 
hours in such an environment. 

If the high oil or wax content of the spores (358) was located 
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in the wall, this might account for the low rate of water loss from 
the spores. It appears to the writer that powdery mildew conidia 
are like other fungus spores in that they require water for ger- 
mination, but for powdery mildews the necessary water is internal 
in the vacuoles of the spore, while for most fungi external water 
is necessary. 

Many have disagreed with the above generalization that powdery 
mildews thrive under dry atmospheric conditions. This disagree- 
ment may be due to previous misconceptions, to differences in 
species and strains of mildew studied, to differences in method, 
or to incorrect interpretation of correct observations. The common 
belief that all spores need moisture, presumably added water, for 
germination (105) may have influenced the statements of some. 
Most fungus pathogens of foliage do require free water or high 
humidity during at least certain stages of their life cycles (367), 
so the aridity tolerance of powdery mildews is unique among fungi. 

There are, of course, differences in the humidity tolerance of 
species. Erysiphe polygoni and E. graminis have been most ex- 
tensively studied. Brodie (66), Brodie and Neufeld (67), 
Clayton (81) and Yarwood (345) all agree that conidia of E. 
polygoni will germinate at 0 R.H. But while Brodie (66), 
Cherewick (77) and Yarwood (345) secured significant or high 
germination of E. graminis from barley at 0 R.H., Arya et al. (28), 
Clayton (81) and Grainger (136) obtained no germination below 
85 per cent R.H. Brodie got high germination at 0 R.H. with 
conidia from Hordeum, Triticum, Avena and Poa, but not with 
conidia from Agropyron. Hammarlund (144) emphasizes that 
E. graminis thrives better at high relative humidity than other 
powdery mildews studied. 

High temperatures reduce the tolerance of powdery mildews 
to low humidity (345), and this might explain the failure of some 
investigators to germinate E. graminis at low humidities. EF. gra- 
minis is favored by low temperature (see below), and germination 
tests at ordinary temperatures would indicate a lesser tolerance to 
low humidity than prevailed at its optimum temperature. 

With E. polygoni, higher germination at 0 R.H. resulted with 
conidia from Trifolium, Phaseolus, Delphinium and Oenothera 
than with conidia from Brassica (66, 345). In addition to 
E. graminis and E. polygoni, only Microsphaera alni (66) and 
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Uncinula necator (99) have been shown to germinate at near 
0 R.H. Conidia of Podosphaera leucotricha, Sphaerotheca humuli 
and S. pannosa have failed to germinate at 0 R.H. (42, 67, 189a). 
Germination of these three species was usually poor under the best 
conditions tested. Perhaps germination of these species is rather 
dependent on host stimulation (343), and higher tolerance to low 
humidity might be demonstrated on leaf surfaces. 

The reported favorable effect on powdery mildews of rain (15, 
34, 46, 62, 64, 121, 201, 219, 236), dew (108, 121, 312), fog (31, 
76) and sprinkling irrigation (252, 297) might have been caused 
by unusual situations. It could be that rain or sprinkling removed 
protective deposits of fungicides and thereby favored mildew in- 
directly. Periods of rain and fog are commonly associated with 
periods of lower temperature and lower light intensity, and it could 
be that these latter factors, instead of moisture, were decisive. 
Rain might have induced a flush of new growth which was very 
susceptible. The supposition that dews and fogs have a favorable 
effect on powdery mildews could be due to the fact that dews and 
fogs are characteristic of certain rain-free periods or localities 
where powdery mildews are severe. The only controlled observa- 
tions on dew appear to be those of Duvdevani et al. (107), who 
prevented dew formation on cucurbits by covering certain areas 
with canvas at night. They found that this treatment reduced 
infection with downy mildew but not with powdery mildew. 

Reports that wilting of plants favors powdery mildew infection 
(13, 98, 256) are offset by contrary observations of others (303). 
However, in one apricot orchard examined by the writer in 1952, 
the only mildew found was on a tree which had blown over and 
was in a wilted condition. Brown and Wood (70) state that the 
reason powdery mildews are abundant in dry weather is that, 
though they require high humidity or free moisture for germin- 
ation, they can germinate and penetrate the host quickly, and are 
then protected from desiccation. This reviewer knows of no 
evidence in support of this hypothesis. The idea that water con- 
gestion of the leaves favors infection of wheat with Erysiphe 
graminis (172) is also not accepted. 

The intercellular mycelium of Phyllactinia and Leveillula is some- 
times considered a special adaptation to dry conditions. Since 
other genera without internal mycelium can tolerate the driest 
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conditions tested, provided the temperature is not too high, there 
seems to be little need for this “adaptation”. Furthermore, 
Schweizer (281) reports that Leveillula taurica occurs predomi- 
nantly in the rainy season in Java. 

TEMPERATURE. Temperature relations of powdery mildews have 
been recently reviewed (373). The optimum ranges from about 
11 to 28° C. for different studies of different species and averages 
about 22° C. Erysiphe graminis has probably the lowest optimum 
of the group. The tolerance of powdery mildews to heat is usually 
lower than that of their hosts, and it is possible by host treatment 
to free plants of mildew without host injury. With Erysiphe 
polygoni on bean, this can be done in about 20 minutes at 40°, 
two minutes at 45°, 20 seconds at 50°, and three seconds at 55°. 
Since temperatures of 40° are not unusual where powdery mildews 
prevail (313), it is likely that, because of microclimatic variations 
and the cooling effect of transpiration on leaves, the actual temper- 
ature at the leaf surface is lower than that of the meteorological 
record. The absence or scarcity of powdery mildew on grapes near 
the ground (10-12) is probably explained by the high temperatures 
there, as soil surface temperatures may go up to 55° and leaf tem- 
peratures near the ground may rise to 45° (317). The powdery 
mildews of cucumber and cantaloupe, however, thrive in relatively 
hot climates, such as the Imperial Valley of California (313), 
even though the entire vine is near the soil. The vine may shade 
the soil, however, and the mycelium of the fungus is predominantly 
on the lower leaf surface. Preinoculation heating of plants may 
increase their susceptibility (269, 369). It is a common opinion 
that alternating high and low temperatures favor the growth of 
mildew fungi (304), and Cherewick (77) and Arya and Ghemawat 
(28) have observed that alternating temperatures favored perithe- 
cium formation and ascospore formation, respectively. Temper- 
ature may affect response to other environmental factors. Low 
humidity is more injurious to conidia at high than at low temper- 
atures (345). 

It is not certain that temperature is a major factor in the geo- 
graphic distribution and severity of powdery mildews, but this 
is certainly suspected. The greater incidence of the powdery mil- 
dews of apple, rose and grape in the coastal areas of California than 
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in the interior valleys (370) could be due to the lower summer 
temperatures of the coastal areas. The greater incidence of rubber 
mildew at high than at low elevations (377) could result from 
lower temperature or decreased rainfall. Chilling of conidia (264) 
and heating of conidia (345) before germination are said to increase 


germination, Miller (215) reports that fire-scorched oak trees 
were severely infected. 


LIGHT. The more luxurious development of powdery mildews 
in shade than in full natural light has been observed by many (44, 
93, 94, 216, 349), though the opposite observation has also been 
recorded (208), and Brundza (71) notes differences in species. 
Part of the favorable effect of shade could be due to reduced tem- 
perature and increased humidity, which normally prevail in shade, 
but the writer believes that of these only temperature is important. 
Direct effects of light on powdery mildews are increased germin- 
ation (223, 338), positive (223, 338) or negative (338) phototrop- 
ism of the germ tubes, and positive phototropism of the conidio- 
phores (103) in white light. 

Mildew severity on plants increases with duration of light up to 
a point and then decreases. Domsch (103) and McFarlane and 
Grainger (192) observed more luxuriant development of barley 
mildew in a seven- or eight-hour day than in a longer day. Yar- 
wood (343) found that the average length of hyphae per colony 
at 48 hours after inoculation at 24° C. was about 700 » for plants 
in continuous darkness, 1070 for a four-hour day (four hours light, 
20 hours darkness), 1620 » for an eight-hour day, 1880 » for a 
12-hour day, 1620 » for a 20-hour day, and 1500 yw for con- 
tinuous light. The number of appressoria per colony was 3.3 
in continuous darkness, 10.4 in a 12-hour day and 2.1 in continu- 
ous light. Sempio (283) also observed less mildew develpment 
in continuous than in intermittent light, but Pratt (245) found 
about equal development for two-, 12-, or 24-hour days. 

The shorter wave lengths of light are more likely to be lethal 
than the longer wave lengths (153, 242, 286). Hey and Carter 
(153) found that ultraviolet radiation could kill out infections of 
wheat powdery mildew without host injury. 

Blumer (53) noted that conidia exposed to full sunlight for 
three to four hours lost their germinability. This is difficult to 
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reconcile with the high germinability of field collections of conidia 
in bright weather (343), but there are probably great differences 
in mildew species and environments. 

The negative phototropism of germ tubes of Erysiphe polygoni 
to white light under low light intensities (338), and the positive 
phototropism of the germ tubes to green light at all intensities 
(370), would seem to favor infection by directing the germ tubes 
to the leaf in light, but the fact that luxuriant infection may be 
initiated in darkness would seem to minimize the importance of 
light on the infection process. 

Light may affect powdery mildews through its effect on the host. 
Rivera (256), Domsch (103) and Cherewick (77) found that 
holding plants in darkness up to four days after inoculation had 
only slight effect on mildew development, but for Reed (251) and 
Yarwood (343) mildew was reduced when plants were held in 
darkness after inoculation. The greater germinability of conidia 
produced on plants in light than in darkness or reduced light (77, 
144, 343) could be effected by light on the host or on the parasite. 
Part of the effect is undoubtedly due to the influence of light on 
the carbohydrate content of the host, for when conidia were pro- 
duced on detached leaves on sugar solution in darkness, their 
germination was higher than for leaves on water in darkness (336). 
Part at least of the diurnal periodicity of Erysiphe polygoni (343) 
would seem to be a direct effect of light on the fungus, for when 
sections of petioles of infected bean plants were darkened by 
wrapping them in black cloth, the diurnal periodicity of conidio- 
phore maturation was not apparent five days later on the darkened 
portion (370). 

The greater severity of mildew with close than with more distant 
spacing of plants under field conditions (163, 196, 294) could be 
explained by the lower light intensity per plant, but also might be 
induced by other causes such as reduced air movement. 

Growth of powdery mildews is favored by a high carbohydrate 
level of their hosts (310, 340), and a major aspect of the light 
effect is in maintaining the carbohydrate level of the host by photo- 
synthesis. For detached leaves in darkness, several carbohydrates 
may replace the natural carbohydrates of photosynthesis (310, 
353), but sucrose is most commonly used. 

Inoculations of potted greenhouse clover plants with Erysiphe 
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polygoni during the winter months frequently failed at Lafayette, 
Indiana, and Madison, Wisconsin, while simultaneous inoculations 
of potted plants in an artificial light chamber, or of detached leaves 
on sucrose solution in the greenhouse environment, were successful 
(336). This has never been adequately explained but may have 
come about in response to some unfavorable light condition. 


ATMOSPHERIC PRESSURE. Brodie and Jones (68) found that 
conidia of Erysiphe graminis germinated more rapidly at reduced 
atmospheric pressure than at normal pressure. If this applied 
to other species, it might explain why rubber powdery mildew is 
more severe at elevations above 1000 feet than at sea level (33, 
377). 


SMOKE. Koch (179) noted the absence of oak mildew in the 
vicinity of factories and suggests that fumes of sulfurous acid may 
be responsible. 


AIR CIRCULATION. The common observation that reduced air 
circulation favors mildew (159, 235) could ensue from the in- 
creased humidity and decreased light which is commonly associated 
with reduced air circulation. This observation appears to disagree 
with that of spores living longer in large than in small vessels 
(210). The greater severity of powdery mildews in greenhouses 
than outdoors (299, 311) could be because of the reduced air cir- 
culation, reduced light or higher temperature of greenhouses. 


SOIL FERTILITY. It is commonly believed that mildew severity 
is closely and positively correlated with plant vigor and that any 
soil or other factor which promotes vigorous plant growth favors 
mildew susceptibility (27, 294). While this is probably true in a 
general way, too many exceptions are known to make a generaliza- 
tion very useful. 

Powdery mildew development is usually reduced by low nitrogen 
(196, 278, 296, 309) and high potassium (18, 278, 309), and is 
less affected by phosphorus (278). The most comprehensive 
study of the effect of mineral nutrition on susceptibility of a plant 
to powdery mildew is by Trelease and Trelease (309). Using a 
nutrient solution consisting of KH2PO,4, Ca(NOs3)2 and MgSOx,, 
and employing reduction in dry weight from mildew as the criterion 
of susceptibility, they found that the most susceptible plants were 
produced in a nutrient solution containing five per cent of the salts 
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as KH2POx,, 47.5 per cent as Ca(NO3) and 47.5 per cent as 
MgSQO,. The most resistant plants, on the other hand, were at 90 
per cent KH2POx,, 5 per cent Ca(NOs)o and 5 per cent MgSOx. 
For Trelease and Trelease there was relatively poor correlation 
between total plant growth and mildew susceptibility. 

Powdery mildew is also reported to be reduced by high boron 
(109, 280, 346), high silicon (131, 191, 321), high lithium (296), 
high cadmium (211), high copper (231), high zine (58), high 
manganese (82) and high sulfur (189). These effects have been 
observed principally in water cultures. Cherewick (77) and others 
found no clear effect of these chemicals when added to soil, and 
Hewitt and Jones (151) found that zinc deficiency reduced oat 
mildew. The more luxuriant development of mildew on plants 
stunted by low soil moisture (355), by low boron (346) and by 
low zinc (58) are good examples of negative correlation of plant 
vigor and mildew susceptibility. 

High soil pH favors cowpea mildew (69) and wheat mildew 
(277), but no such effect could be detected from a graded series 
of applications of sodium hydroxide and sulfuric acid to soil in 
which red clover was growing (336). 

The vigor and succulence of plants is determined by the fertility, 
moisture, light and temperature conditions of plant growth, and 
age of plants. Tapke (303) has emphasized, in his study of pre- 
inoculation environments, that the effects of these environmental 
factors on infection are principally through their influence on the 
susceptibility of the host. 


CONTROL 


Diseases caused by powdery mildews are controlled by exclusion, 
eradication, protection, immunization and therapy; of these, pro- 
tection with chemicals and genetic immunization are perhaps the 
most important. 


EXCLUSION. Exclusion is of value in the very few cases where 
freedom of a crop from mildew in a given area is apparently be- 
cause the fungus has not been introduced into the area. The 
absence of Sphaerotheca humuli from hops on the west coast of the 
United States and Canada as compared to the eastern United 
States and Europe (166), and the absence of Oidium hevea from 
rubber in the Americas ‘as compared to Malaya and central Africa 
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(167) are believed to be the results more probably, of lack of 
introduction of these fungi than of an unfavorable climate in the 
regions where they do not occur. 


ERADICATION. Examples of control of powdery mildews by 
eradication are the removal of lower leaves of tobacco (159), clean 
digging of raspberries (241), removal of mildewed shoots of apple 
(232), and the control of mildew on apricot fruits by eradication 
of Rosa Banksia (362). Chemical eradication will be discussed 
under protection. Miller (215), however, found that pruning of 
live oaks, with removal of the witches’ brooms caused by mildew, 
actually increased subsequent mildew development, apparently 
through the resultant increased vigor of the trees. 


PROTECTION. Powdery mildews are usually well controlled with 
sulfur dust, but there are many situations where other chemicals 
are preferable, and a few situations where no satisfactory method 
of control is known. The controlling effect of sulfur for powdery 
mildew was probably first reported by Forsyth in 1802 (125), 
though Robertson’s report in 1824 (259) of sulfur and soap in 
water for the control of peach mildew may have cited the first 
successful use of chemicals to control a specific disease of foliage. 
This method is still in use basically as reported by Robertson, but 
the introduction of sulfur dust (184), of more finely divided sulfurs 
(100, 117), of liquid lime sulfur (121, 297), of improved 
methods of application (37, 206, 287), and of chemicals without 
sulfur (297, 361) are major advances since that time. Activation 
of sulfur by fusion with carbon (376), by addition of pigment 
(243) and clay (128), and by other means, is claimed to increase 
its mildew-controlling properties, but such forms of sulfur seem 
not to have come into general use. 

Powdery mildew fungi are unique among plant pathogens in that 
they are vulnerable to the action of sulfur and certain other fungi- 
cides through most of their life cycle. The exceptions are the 
perithecia and the mycelium in dormant buds. Powdery mildews 
can thus be controlled by protective, eradicant and therapeutic 
applications. Usually the same fungicide will act in all three ways 
from the same application. For example, when sulfur dust is 
applied to control grape powdery mildew, it will kill spores which 
are already present but which have not caused infection (eradica- 


274 THE BOTANICAL REVIEW 


tion), it will kill spores which subsequently arrive on the dusted 
vines (protection), and will kill the mycelium of established in- 
fections (therapy). For powdery mildew of bean (361) the 
lethal dose of lime sulfur is least for applications made immediately 
before or immediately after inoculation and becomes progressively 
greater with increasing time before or after inoculation. With hop 
mildew, Salmon (272) found the fungus was more easily killed 
after the onset of sporulation than before. Sulfur apparently acts 
against powdery mildews by selective toxicity, as contrasted to 
action by selective accumulation in rusts (366). Winter sprays 
are occasionally recommended (22) but are more commonly con- 
sidered of no value. 

Dosages required for control vary greatly. For experimental 
protection against bean powdery mildew, about two milligrams of 
sulfur per square decimeter of leaf surface is necessary (370). 
Recommended dosages for field control range from about five 
pounds per acre per application for rubber mildew (287) to about 
180 pounds per acre per season for hop mildew (47). Even for 
a single crop, grapes, the dosage of sulfur may vary from five to 
43 pounds per acre per application, depending on age of vines and 
method of application (45). Sulfur acts as a vapor, and the 
closer the sulfur particles to the fungus, the greater the fungicidal 
action. This distance of fungicidal action is presumed to be 
microscopic for low dosages of sulfur on leaves in the open, may 
be several millimeters for detached leaves in closed chambers 
(356), and may be several feet for sulfur painted on greenhouse 
heating pipes (37, 260, 289). The volatility and/or the lethal 
action of sulfur, and presumably also its phytocidal action, are in- 
creased about five-fold for each 10° C. rise in temperature (356). 

The principal drawback to the use of sulfur for mildew control 
is the plant injury which commonly results. Sulfur is likely to 
cause damage on cantaloupes (216), raspberries (241) and apples 
(297), but is relatively safe on grapes, peaches, peas, beans and 
hops. Reduction in sulfur damage may be attained in part by use 
of low grades of sulfur (142), by addition of inert fillers (120, 219), 
by applying sulfur to the soil under plants (92, 213), and by 
applying sulfur in cool weather, but none of these is highly satis- 
factory. A unique method of control of cantaloupe mildew has 
been the development of sulfur-tolerant cantaloupes (147) to which 


POWDERY MILDEWS 275 


sulfur may be applied without injury. Sulfur sprays are usually 
more injurious than sulfur dusts, lime sulfur is usually more in- 
jurious than wettable sulfur, and liquid lime sulfur is more injuri- 
ous than dry lime sulfur (141). Unfortunately, the fungicidal 
effectiveness of a chemical is frequently positively correlated with 
its tendency to cause host injury. 

Even where sulfur is fungicidally effective without apparent 
damage, it may be undesirable for other reasons. Sulfur is not 
used on tobacco because of its actual or supposed effect on the 
quality of the commercial product (92). When a product is grown 
for canning, there is commonly the fear that sulfur on the product 
will cause corrosion in the cans (333). Sulfur dust applied to 
cucumbers repels bees to a certain extent, and this may cause a 
reduction in fruit set (370). If small amounts of sulfur get into 
men’s eyes, it may be very irritating (287). An early fear that 
sulfur on hops made the beer unfit to drink (39) has not been 
substantiated. 

Many other chemicals, among them copper sulfate (247, 352), 
Bordeaux mixture (61, 361), Burgundy mixture (160), sodium 
bicarbonate (91), ammoniacal copper carbonate (44), copper 
lime dust (96), sulfuric acid (142), ammonium sulfide (114), 
sodium chloride (173), potassium permanganate (143, 185), 
arsenates (254, 302), vegetable oils (200), elgetol (261), manzate 
(306), lithium carbonate (318), formalin (326), malachite green 
(205), chloranil (212), dichloronaphthoquinone (361), vulcan- 
ized rubber (67), actidione (118), other antibiotics (177) and 
dinitro capryl phenyl crotonate (361), have been toxic to powdery 
mildews or even effective in disease control in limited trials. In- 
ternal applications of sodium thiosulphate have been shown to be 
protective or therapeutic (257, 361). Of the above chemicals, 
actidione is perhaps the most toxic to powdery mildews (361), but 
dinitro capryl phenyl crotonate appears most promising in com- 
mercial practice (36, 89, 132, 207). 

Crozier and Szkolnik (89) found that fungicidal control was 
greater on weak than on vigorous host plants. 

The merit of spreaders in sprays is a source of much disagree- 
ment among investigators. Spreaders probably increase or de- 
crease the effectiveness of fungicides, depending on the host, the 
fungicide, the equipment used, and primarily on whether the appli- 
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cation is for protective or therapeutic purposes. With applications 
for bean powdery mildew and cucumber powdery mildew (361), 
addition of a spreader increased the protective and therapeutic 
value of Bordeaux mixture, and the therapeutic value of lime 
sulfur, but the same spreader decreased the protective value of 
lime sulfur. Control by soft soap in water has been reported 
(9), but this is certainly not a powerful fungicide (113). Good- 
win, Martin and Salmon (133) considered alkaline spreaders 
more effective than acid spreaders in therapeutic sprays for hop 
powdery mildew. 

Several chemicals tested as sprays have been found to increase 
powdery mildew under certain conditions. These include Fermate 
(370), dilute Bordeaux mixture (349), certain mineral oil frac- 
tions (87) and certain organic fungicides tested for downy mildew 
control (183). At very low concentrations, even sulfur has been 
stimulating to powdery mildew (285). In many other instances 
where controls of water spray were not maintained, dilute aqueous 
solutions or suspensions of test eradicant chemicals must surely 
have been rated as somewhat effective, when what was observed 
was only the control exerted by the water in the spray. 

The observed inhibition of powdery mildews by rain (see above) 
naturally suggests control with a water spray. Syringing of 
plants with water has been found to render fairly effective control 
of mildew (30, 77, 99, 205, 348) and has the added advantage of 
mite control (348) but is usually less effective than chemical con- 
trol of these pests and requires more labor. Relative scarcity 
of mildew where roses are grown in an intermittent mist spray 
has been observed (180, 237, 260). 

Syringing of plants with hot water (17, 307) combines the 
inhibiting effects of water and heat in mildew control, but has the 
greater risk of plant injury. Control of mildew by mechanical 
rubbing of the affected parts (38) or by pressure (364) is bio- 
logically interesting but probably of no practical value. 


BIOLOGICAL CONTROL. Powdery mildews are attacked and 
destroyed by Cicinnobolus cesatii in humid areas (140, 337), but 
this hyperparasite has shown no promise of practical application. 
Spraying of plots of mildewed clover in Oregon (32) and Indiana 
(370) with heavy spore suspensions of Cicinnobolus did not reduce 
mildew severity clearly below that in untreated plots. In Oregon, 
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where the inoculation was done in dry weather, very little infection 
resulted. In Indiana, with occasional summer rains, heavy natural 
infection resulted in uninoculated plots. In districts of dry sum- 
mers, where mildews are most severe and the need of control is 
greatest, as in California, Cicinnobolus is rare, and because of the 
necessity of splashing water for the dissemination of Cicinnobolus, 
this hyperparasite probably could not be maintained at effective 
levels by any practical method. The parasitism of Acrostalagmus, 
Monilia, Cephalosporium and Hyalopus (53) and the predation 
of Thea cineta (20), mycophagous larvae (267), snails (334) 
and thrips (350) have given no promise of practical control. The 
culture liquid in which Trichothecium roseum has grown has been 
shown to possess protective value against barley mildew (24). The 
presence of a self-inhibitor in powdery mildew conidia (104) and 
the apparent reduction in oak mildew as a result of prior infection 
(218) suggest the possibility of acquired immunity, but other 
studies (74, 370) have shown no evidence of acquired immunity 
to powdery mildews. 


RESISTANT VARIETIES. Control of powdery mildews by means 
of resistant varieties has been as successful and also as disappoint- 
ing as the control of other diseases by this means. Varieties or 
strains of grape (27), hop (273), wheat (195), bean (106), 
cantaloupe (170) and many other crops resistant to mildew are 
known, and hybridization to incorporate resistance into new and 
commercial varieties has been extensive. Occasionally, as in the 
case of cantaloupe (170), a resistant variety suddenly becomes 
susceptible, and the explanation is usually that a new strain of 
the pathogen has appeared. The mechanism of the origin of new 
parasitic strains of powdery mildews is little understood, but pre- 
sumably the problem is the same with mildews as with other plant 
pathogens (80). 

Resistance to powdery mildews has been variously correlated 
with frequency of plant hairs and with high osmotic pressure of 
the cell sap (157), with low albumen and abundant starch (158), 
with abundance of tannin (144, 197), with high acid content (217) 
and with presence of leaf glands (258). It is an attractive hy- 
pothesis that resistance to powdery mildew, or to any other plant 
pathogen, depends upon the presence in the resistant plant of 
specific chemicals which are toxic to the pathogen. Experimen- 
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tally, however, there is no useful correlation between the germin- 
ation of powdery mildew conidia in host extracts and the suscepti- 
bility of these hosts to infection (77). 

To this reviewer it seems unlikely that resistance can be due 
to a specific toxic chemical in resistant but not in susceptible 
hosts. Most plants are resistant to most mildews as well as to 
most other pathogens, but resistance to one pathogen is not well 
correlated with resistance to another. Therefore, if resistance to 
plant pathogens develops through specific chemicals toxic to these 
pathogens, then several thousand specific disease-inhibiting chemi- 
cals in each host might be necessary. It is more likely that re- 
sistance is the expression of some chemical released by the host in 
response to the early stages of penetration by the parasite. Sus- 
ceptibility is more unusual than resistance, and if susceptibility 
were due to specific susceptibility-inducing chemicals in the host, 
many fewer chemicals in each host would need to be hypothesized 
than if resistance were due to specific chemicals. 


INHERITANCE OF RESISTANCE. Resistance and susceptibility to 
powdery mildews behave as genetic characters in inheritance. 


Resistance may be dominant (170, 174, 195, 329) or recessive 
(63, 144), and controlled by a single factor (106, 195) or by 
multiple factors (144, 298). In graft hybrids each component 
usually retains the susceptibility of the parent tissue (274), but 
Maurizio (204) reports that graft hybrids may be more or less 
susceptible than the two components. 
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Pate 1. A. Conidiophores (diagrammatic). 1. Erysiphe cichoracearum; 
E. graminis; 3. E. polygoni; 4. Phyllactinia suffulta; 5. P. rigida; 
P. subspiralis; 7. Leveillula. 


Foex (122). 
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2. 
6. 
; 6 represent the Ovulariopsis type; c) represents the Uidiopsis type. 
From Blumer (53). 
B. The evolution of the conidiophore of Erysiphe polygoni. From 
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Pirate 2. A. The diurnal cycle of spore production and maturation in 
From Yarwood (343). 


of the Erysiphaceae. Those at 8, 9, 10 show well- 
defined fibrosive bodies, From Homma (157). 
C. Ungerminated and germinated conidia of Erysiphe polygoni from bean. 
This is to show the collapse of the conidia during germination in a dry 
atmosphere. From Yarwood (363). 
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Pirate 3. A. Germination, penetration and haustorium formation by 
Erysiphe graminis. From Corner (86). 

a Types of haustoria of the Erysiphaceae: A. Erysiphe polygoni; 

E. graminis;C. Uncinula salicis; D. Phyllactinia corylea. From Heald 
Fiala)’ adapted from Smith (293). 
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Pirate 4. A. Semidiagrammatic drawings of the perithecia of the prin- 
cipal genera of powdery mildews. From Heald (148a). 

B. Perithecia of Phyllactinia corylea to show details of appendages and 
of the perithecia above the substratum. From 

iimann 


and Dodge ( ), adapted from Neger (222a 
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